Introduction
============

Prolonged exposure to stress results in wide physical and psychological health issues through inducing a number of physiological changes in the neuroendocrine, immune, and cardiovascular systems.[@b1-prbm-11-439] In particular, as one of the main stress response pathways, an activation of the hypothalamic--pituitary--adrenal (HPA) axis is involved in this process. As a result, cortisol, an adrenal cortex hormone secreted in response to stress, is released increasingly.[@b2-prbm-11-439] Traditionally, the cortisol level of saliva, blood, or urine is considered as an indicator for acute stress.[@b3-prbm-11-439] Use of saliva, blood, or urine as samples to assess chronic stress is a time-intensive and costly procedure.[@b3-prbm-11-439],[@b4-prbm-11-439] Obviously, the complexity of sample collection will greatly affect its acceptability and validity. Furthermore, the validity of self-reporting methods used to assess chronic stress level, such as perceived stress and experienced stressful life events, is often reduced by reporting bias and recall bias,[@b5-prbm-11-439] which may result in some uncertainties in the study of health outcomes induced by chronic stress. Therefore, it seems of vital importance to conveniently and accurately measure a long-term cortisol level caused by chronic stress, especially the objective indicators. Also, the association between subjective and objective indicators of chronic stress needs to be further validated.[@b6-prbm-11-439]

Over the last decade, hair cortisol has received increasing attention by scientists engaged in stress research, and hair cortisol analysis has been used to assess long-term exposure to stress worldwide.[@b3-prbm-11-439],[@b7-prbm-11-439] Hair sampling has some advantages, such as it is a noninvasive sampling technique and relatively stable. So far, it has been found that hair cortisol level is associated with various types of chronic stress, such as lifetime trauma or discrimination,[@b8-prbm-11-439],[@b9-prbm-11-439] negative life events,[@b10-prbm-11-439] neighborhood disadvantage,[@b11-prbm-11-439] work stress (effort--reward imbalance),[@b12-prbm-11-439],[@b13-prbm-11-439] and wartime stress.[@b14-prbm-11-439] Also, hair cortisol level has been demonstrated to be higher in long-term unemployed individuals,[@b15-prbm-11-439] earthquake survivors,[@b16-prbm-11-439] dementia caregivers,[@b17-prbm-11-439] and women reporting intimate partner violence.[@b18-prbm-11-439] Unfortunately, hair sample collection could exclude those individuals with short, less, or no hair, such as some men, the elderly, young infants, and patients, among whom some stress vulnerable populations could be included. Moreover, hair sampling could be unacceptable to some individuals for the reasons that it could affect their outward appearance or due to culture. For these reasons and more, the applicability of hair cortisol is limited to some specific populations to investigate chronic stress.[@b19-prbm-11-439]

In contrast to hair, fingernails are available for a majority of populations. As a neutrally charged endogenous hormone, cortisol passively diffuses from capillaries into nail matrix, and it is incorporated into keratin during nail formation process.[@b20-prbm-11-439] Therefore, measuring cortisol level in fingernails may be another objective method for addressing the limitations of hair sample. In 2010, Warnock et al firstly suggested that cortisol level in fingernails could indicate a cumulative stress exposure over a relatively long period.[@b21-prbm-11-439] In general, fingernails grow at an average rate of 1 mm per 10 days.[@b22-prbm-11-439] Buzalaf et al found that 3--4 months could be needed for fingernails to fully extend from the nail matrix through tracing fluoride in fingernails.[@b23-prbm-11-439] In addition, once cortisol is incorporated into the nail matrix, it cannot be further metabolized. Therefore, fingernail samples may retrospectively reflect cortisol levels in the 3--4 months prior to clipping.[@b21-prbm-11-439] In 2015, Izawa et al separately demonstrated a moderate association between fingernail cortisol and hair cortisol (58 middle-aged men) and salivary cortisol over the whole day (37 workers) in two studies.[@b24-prbm-11-439] In 2016, Nejad et al reported that there was a moderate correlation between fingernail cortisol and facial hair cortisol, and pointed out that fingernail cortisol can be used to investigate the relationship between psychosocial stress and health.[@b25-prbm-11-439] In the same year, Higashi et al confirmed that there was little difference in fingernail cortisol between the right and left hands, and fingernail analysis using either hand looked promising for the evaluation of cortisol level in the body.[@b26-prbm-11-439] Currently, fingernail cortisol measurement has been applied in patients with euthymic bipolar I disorder and cancer,[@b27-prbm-11-439],[@b28-prbm-11-439] as well as in individuals experiencing a major depressive episode.[@b29-prbm-11-439] In comparison with saliva, blood, or urine as samples to assess chronic stress, fingernail cortisol could be a convenient and accurate measure. In addition, as an alternative objective measurement of chronic stress, fingernail cortisol can be applied to those individuals with the inconvenience of providing their hair samples. However, there is very limited evidence of the relationship between fingernail cortisol and perceived stress, which is the fundamental aspect of fingernail cortisol measurement.[@b19-prbm-11-439],[@b30-prbm-11-439] Furthermore, if results from a self-reported measurement work to align with far more objective physiological measures, this would be of great practical value. However, one of the prerequisites for this value is to clarify the temporal relationship between subjective and objective indicators of chronic stress.

Therefore, this prospective pilot study aimed to investigate the associations of perceived stress with the present and subsequent cortisol levels in fingernails of the subjective stress measurement among medical students. We expected that perceived stress would be positively associated with the subsequent cortisol level in fingernails, but not the present, because fingernail samples reflect cumulative cortisol exposure in the past. Furthermore, we investigated the effects of some demographic variables (age, gender, body mass index, and physical activity) on fingernail cortisol level.

Materials and methods
=====================

Study design and sample
-----------------------

Students were recruited from a medical university in Shenyang, Liaoning Province, China, from June to September 2017. To be included, students were required to have good physiological and psychological health, with no fingernail diseases or use of any nail polish. "Healthy" was defined as "no acute or chronic diseases, trauma, and psychological disorders during the investigation." Subjects were expected to not wear nail polish in the whole process of fingernail sample collection. Eligibility also required that students were on no medications in the last 3 months. Students were first screened for initial eligibility criteria during the recruitment process with an investigator. The screening was performed according to a structured participation qualification list, including health and fingernail conditions. Self-reported measurements were used to address the physiological and psychological health conditions of participants. Fingernail conditions and use of nail polish were checked by a direct observation. The sample initially comprised 57 participants; however, six were excluded for two reasons: three for missing questionnaire data and three for incomplete fingernail collection. Therefore, the final sample consisted of 51 students (16 men, 35 women). The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Committee on Human Experimentation of China Medical University. In this study, all of the participants were voluntary and anonymous, and written informed consent was provided by them.

Procedure
---------

The day on which these participants were recruited was recorded as Day 0 of our data and fingernail collection procedure, and free fingernails were cut off from every digit by using nail clippers and then thrown away. On Day 30 of the collection procedure, participants were asked to complete a self-administered questionnaire of perceived stress, and free fingernails were cut off and thrown away again. Because the questionnaire of perceived stress inquires about one's feelings and thoughts in the past month, as the first fingernail collection, participants were asked to provide their samples on Day 15 of the collection procedure (denoted as FD15) from every digit in order to indicate the present cortisol level of the perceived stress measurement. Then, as the second fingernail collection, participants were asked to provide their samples on Day 45 of the collection procedure (denoted as FD45) in order to indicate the subsequent cortisol level of the perceived stress measurement. Thus, fingernail samples were collected twice, and participants were asked to grow their fingernails for 15 days in each collection. Fingernail samples were transferred into a Ziploc bag and frozen at −20°C prior to the assay.

Measurement of perceived stress
-------------------------------

The 10-item Perceived Stress Scale (PSS) was used to measure the perception of stress among the students.[@b31-prbm-11-439] The PSS comprises six negative and four positive items that inquire about one's feelings and thoughts in the last month, such as "In the last month, how often have you felt that you were unable to control the important things in your life?" and "In the last month, how often have you felt that things were going your way?" Each item in the PSS has a 5-point Likert scale ranging from "0" (never) to "4" (very often). The total PSS score ranges from 0 to 40, and a higher score indicates a higher level of perceived stress. The Chinese version of the PSS has been widely used in various Chinese populations and has shown adequate reliability and validity.[@b32-prbm-11-439]--[@b34-prbm-11-439] In this study, the Cronbach's alpha coefficient for the PSS was 0.81.

Demographic characteristics
---------------------------

Participants also completed a baseline questionnaire that included gender, age (years), height, weight, physical activity, and current smoking status. Body mass index (BMI) was calculated by dividing weight (in kg) by the square of height (in meters). Physical activity was obtained by the question "In a week, how often do you regularly do any physical activity long enough to make you sweat or your heart beat quickly during your leisure time?" Answer categories included "0" (never/rarely, 1 day, or less), "1" (sometimes, 2--3 days), and "2" (often, 4 days, or more).[@b35-prbm-11-439],[@b36-prbm-11-439] Current smoking status was measured by two questions: "Have you ever smoked more than 100 cigarettes in your lifetime?" and "Have you smoked a cigarette, even a puff in the past 30 days?" Respondent was coded as a current smoker if both questions were answered "yes" in this study.[@b37-prbm-11-439],[@b38-prbm-11-439]

Fingernail cortisol extraction
------------------------------

Fingernail cortisol extraction method widely used in previous studies was adopted in this study.[@b19-prbm-11-439],[@b21-prbm-11-439],[@b23-prbm-11-439],[@b27-prbm-11-439],[@b30-prbm-11-439] Each fingernail sample was transferred into a 15 mL Falcon tube (BD Biosciences, Franklin Lakes, NJ, USA). Then, 5 mL of isopropanol was added. As washing procedure, the tube was vortexed for 1 minute twice. Samples were air-dried overnight. Each dried sample was transferred to a 2 mL polypropylene tube with a steel ball (diameter, 2 mm) and ground for 10 minutes using a mixer mill (DHS TL2020; DHS Life Science and Technology, Beijing, China) at 25 Hz. Then, 30 mg of fingernail powder was transferred to another 2 mL tube, followed by the addition of 1.5 mL of HPLC-grade methanol. The tube was slowly rotated for 2 hours at room temperature for steroid extraction. After being centrifuged at 10,000 rpm for 5 minutes, 1.2 mL of the clear supernatant was transferred into a new tube, and subjected to evaporation until completely dry.

Enzyme immunoassay
------------------

Cortisol level was determined by an enzyme immunoassay method using the ELISA kit (Cortisol Competitive ELISA Kit; Thermo Fisher Scientific Inc., Waltham, MA, USA). The evaporated samples were resuspended in 400 µL of the assay diluent included in the ELISA kit, and the levels of cortisol were analyzed according to the manufacturer's instructions. The inter-assay and intra-assay variations were 6.3% and 5.6%, respectively. The levels of cortisol are presented as pg cortisol/mg fingernail (pg/mg).

Statistical analysis
--------------------

After the distribution of data was assessed using Kolmogorov--Smirnov test, the group differences in the levels of cortisol and perceived stress were analyzed by Student's *t*-test or one-way ANOVA. Correlations among continuous variables were examined using Pearson's correlation. Multiple linear regression analysis was performed to examine the associations of perceived stress with the cortisol levels of FD15 and FD45, respectively. Perceived stress was modeled as an independent variable, with cortisol level as an outcome, and demographic characteristics were adjusted. Statistical analysis was executed by SPSS 19.0 software and a two-tailed *P*\<0.05 was considered as nominal significance. Moreover, the Bonferroni correction was made for multiple comparisons or tests in this study.

Results
=======

Participant characteristics
---------------------------

The means and SDs of fingernail cortisol and perceived stress, as well as demographic variables, are presented in [Table 1](#t1-prbm-11-439){ref-type="table"}. The value of Kolmogorov--Smirnov *Z* was 0.830, 0.564, and 0.523 for perceived stress, the cortisol levels of FD15 and FD45, respectively. The data showed normal distribution in this study. The mean age of our sample was 20.02 years (SD =1.24), and the mean score of perceived stress was 15.19 (SD=5.93). The level of cortisol in fingernails was 5.65 pg/mg (SD =1.88) for FD15 and 5.41 pg/mg (SD =1.63) for FD45. Gender and physical activity were not significantly related to the levels of perceived stress and fingernail cortisol. Only one subject was identified with current smoking status.

Correlations
------------

Correlations among study variables are presented in [Table 2](#t2-prbm-11-439){ref-type="table"}. Perceived stress was positively correlated with the cortisol level of FD45 (*r*=0.415, *P*\<0.001), but not FD15 (*r*=−0.008, *P*=0.956). In addition, the cortisol level of FD15 had a significantly positive correlation with that of FD45 (*r*=0.656, *P*\<0.001). For the Bonferroni correction, a two-sided *P*~(corrected)~ value \<0.005 (0.05 divided by 10) was considered as statistical significance. Thus, these correlations remained significant after Bonferroni correction.

Association between perceived stress and fingernail cortisol
------------------------------------------------------------

The results of multiple linear regression analyses are shown in [Table 3](#t3-prbm-11-439){ref-type="table"}. After adjusting for gender, age, BMI and physical activity, perceived stress was not associated with the fingernail cortisol level of FD15 (*β*=−0.014, *P*=0.924), but it was significantly and positively associated with the fingernail cortisol level of FD45 (*β*=0.436, *P*=0.003). For the Bonferroni correction, a two-sided *P*~(corrected)~ value \<0.005 (0.05 divided by 10 for five independent variables and two models) was considered as statistical significance. Thus, the association of perceived stress with the fingernail cortisol level of FD45 remained significant after Bonferroni correction.

Discussion
==========

This exploratory study investigated the association between perceived stress and fingernail cortisol level in a sample of medical students. We found that perceived stress was not associated with the present (FD15) cortisol level, whereas it was positively associated with the subsequent (FD45) cortisol level in fingernails after adjusting for gender, age, BMI, and physical activity. Fingernail samples could reflect cumulative hormonal exposure in the past.[@b19-prbm-11-439],[@b30-prbm-11-439] Therefore, it could be interpreted that fingernail cortisol is associated with perceived stress in the past, rather than with the present. To the best of our knowledge, this is the first study of cortisol in fingernails in China.

In fact, the results of two existing studies could provide some indirect evidence for our findings. In a sample of middle-aged workers, Izawa et al found that the experience of stressful life events in the workplace in the previous year, but not job strain and perceived stress in the present, was associated with higher cortisol level in fingernails.[@b30-prbm-11-439] In a sample of high school students, Doan et al found a significant relationship between fingernail cortisol and stressful events. However, there was no relationship between cortisol and perceived subjective stress.[@b19-prbm-11-439] Consistent with research in hair cortisol, no correlation between cortisol level and self-reports of perceived stress emerged in a meta-analysis study.[@b39-prbm-11-439] Concordantly, in research studies using experiencing stressful or negative life events to indicate chronic stress, hair cortisol had significant relationships with them.[@b8-prbm-11-439]--[@b14-prbm-11-439] Lifetime exposure to trauma was associated with the elevated level of hair cortisol; however, hair cortisol level was not associated with current depression symptoms in a community-based children sample.[@b8-prbm-11-439] The patterns of worrying and thinking about these stressful situations pervade individuals' lives, which could result in cumulative burdens that impair the regulatory capacities of the HPA axis.[@b39-prbm-11-439],[@b40-prbm-11-439] Moreover, some,[@b41-prbm-11-439]--[@b43-prbm-11-439] but not all,[@b12-prbm-11-439],[@b13-prbm-11-439] investigators have reported that there is no relationship between work stress and hair cortisol level. However, a significantly higher hair cortisol level was found in workers with symptoms of depression compared with controls.[@b42-prbm-11-439] Similarly, workers with high burnout scores exhibited elevated hair cortisol level compared to those with no or moderate burnout.[@b44-prbm-11-439] These findings imply that a certain stress threshold should be reached to detect a significant relationship between self-reported stress and cortisol level.[@b13-prbm-11-439] In general, symptoms of depression and burnout are considered to be the psychological outcomes of long-term work stress in the workplace.

In this study, we did not find significant associations between fingernail cortisol and these demographic variables (gender, age, BMI, and physical activity). These results were consistent with the findings from two previous studies, which showed that gender, age, and BMI were not associated with the level of cortisol in fingernails.[@b19-prbm-11-439],[@b30-prbm-11-439] However, as indexed by hair, findings on the relationships of gender, age, BMI, and physical activity with cortisol level in hair are inconsistent. Taking into account gender differences, in the meta-analysis study mentioned earlier, men exhibited 21.4% higher hair cortisol level than women.[@b39-prbm-11-439] The findings of age--hair cortisol correlations from many previous studies may have been affected by the restricted age range of their study samples. In 2012, Dettenborn et al firstly reported elevated hair cortisol levels in young children and older adults.[@b45-prbm-11-439] However, no significant non-linear relationship between age and hair cortisol level was revealed in the meta-analysis study.[@b39-prbm-11-439] Recently, two studies have comparably reported this non-linear age--hair cortisol relationship.[@b46-prbm-11-439],[@b47-prbm-11-439] Therefore, study sample with a broader age spectrum is needed to confirm the relationship between age and cortisol in hair or fingernail in future.[@b3-prbm-11-439] BMI has been frequently reported to be positively associated with hair cortisol level,[@b47-prbm-11-439]--[@b50-prbm-11-439] and the meta-regression model also suggested that samples with a higher BMI exhibited an elevated hair cortisol level.[@b39-prbm-11-439] The comparatively low mean BMI and limited BMI range of our student sample could result in an insignificant association in this study. Additionally, Izawa et al found that smokers had higher fingernail cortisol levels.[@b30-prbm-11-439] However, a correlation-based meta-analysis showed that hair cortisol was unrelated to smoking.[@b39-prbm-11-439] In this study, the effect of smoking on fingernail cortisol level was not investigated because there was only one participant having current smoking status. Moreover, it has been found that both objectively and subjectively assessed vigorous physical activity is associated with increased hair cortisol in young or older adults.[@b49-prbm-11-439],[@b51-prbm-11-439] However, consistent with the finding of the present study, Stalder et al found no association between hair cortisol and physical activity level.[@b52-prbm-11-439]

The present study has several limitations, which warrant careful interpretation of our exploratory findings. First, this study was only conducted in healthy medical students, and the sample size was small. Therefore, the associations of perceived stress and demographic variables with fingernail cortisol level could be influenced, and stratification analyses based on these demographic variables cannot be investigated. Based on the regression result of FD45 cortisol level in fingernails, given effect size was 0.26 (it was calculated according to *R*^2^=0.204), α=0.05, sample size was 51, and the number of predictors was 5. Thus, statistical power was 0.76. Also, caution should be taken concerning generalizability due to convenience sampling. Thus, a larger and more hetereogenous sampling will be needed to confirm our findings in future studies. Second, we only measured the fingernail cortisol level of FD45, and there was a relatively short follow-up. Although chronic stress is a persistent state, the short follow-up will affect the intensity of the relationship between perceived stress and fingernail cortisol level. Third, as one of the potential factors of cortisol level, fingernail growth rate was not investigated in this study. Fortunately, our highly homogenous sample could contribute to reducing individual differences in fingernail growth rates. Further, fingernails were clipped by participants in dormitory, and the conditions could not be accurately controlled.

Conclusion
==========

This study is the first to investigate fingernail cortisol in China. Perceived stress was not associated with the present cortisol level, whereas it was positively associated with the subsequent cortisol level in fingernails. The findings suggested that fingernail cortisol could indicate stress exposure in the past. Furthermore, a simple and easy self-reported measure could reflect cumulative stress as measured by fingernail cortisol. Further research with rigorous design based on the hypothetical theory of fingernail cortisol as an indicator of chronic stress is needed.
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###### 

Demographic variables and the levels of perceived stress and fingernail cortisol

  Variables           *n*           \%     Perceived stress   Cortisol of FD15 (pg/mg)   Cortisol of FD45 (pg/mg)                                                   
  ------------------- ------------- ------ ------------------ -------------------------- -------------------------- ----------- ------- ------- ----------- ------- -------
                                                                                                                                                                    
  Total               51                   15.19±5.93                                                               5.65±1.88                   5.41±1.63           
  Gender                                                      0.492                      0.625                                  0.946   0.349               0.476   0.636
  Male                16            31.4   15.79±6.23                                                               5.29±1.60                   5.24±1.82           
  Female              35            68.6   14.91±5.86                                                               5.82±1.99                   5.48±1.55           
  Age (years)                                                                                                                                                       
  Mean ± SD           20.02 ±1.24                                                                                                                                   
  BMI                                                                                                                                                               
  Mean ± SD           20.55 ±2.02                                                                                                                                   
  Physical activity                                           1.291                      0.284                                  0.405   0.669               0.059   0.943
  1 day or less       11            21.6   17.36±5.12                                                               5.30±1.51                   5.27±1.42           
  2--3 days           26            51.0   14.03±5.76                                                               5.88±2.02                   5.41±1.56           
  4 days or more      14            27.5   15.62±6.67                                                               5.52±1.92                   5.50±1.98           

**Notes:** FD15, fingernails were collected on Day 15 of the data and fingernail collection procedure; FD45, fingernails were collected on Day 45 of the data and fingernail collection procedure.

**Abbreviation:** BMI, body mass index.

###### 

Correlations among study variables

  Variables              1        2       3                                                   4
  ---------------------- -------- ------- --------------------------------------------------- ---------------------------------------------------
                                                                                              
  1\. Age                1                                                                    
  2\. BMI                0.138    1                                                           
  3\. Perceived stress   0.111    0.121   1                                                   
  4\. Cortisol of FD15   −0.056   0.199   −0.008                                              1
  5\. Cortisol of FD45   −0.049   0.120   0.415[\*](#tfn4-prbm-11-439){ref-type="table-fn"}   0.656[\*](#tfn4-prbm-11-439){ref-type="table-fn"}

**Notes:** FD15, fingernails were collected on Day 15 of the data and fingernail collection procedure; FD45, fingernails were collected on Day 45 of the data and fingernail collection procedure. 1, age; 2, BMI; 3, perceived stress; and 4 cortisol of FD15.

*P*\<0.001; for the Bonferroni correction, a two-sided *P*~(corrected)~ value \<0.005 (0.05 divided by 10) was considered as statistical significance.

**Abbreviation:** BMI, body mass index.

###### 

Multiple linear regression results of fingernail cortisol

  Variables           Cortisol of FD15   Cortisol of FD45            
  ------------------- ------------------ ------------------ -------- -------
                                                                     
  Gender              0.119              0.428              0.115    0.407
  Age                 −0.088             0.553              −0.103   0.449
  BMI                 0.202              0.192              0.052    0.715
  Physical activity   0.002              0.992              0.089    0.532
  Perceived stress    −0.014             0.924              0.436    0.003
  *F*                 0.589                                 2.308    
  *R*^2^              0.061                                 0.204    

**Notes:** FD15, fingernails were collected on Day 15 of the data and fingernail collection procedure; FD45, fingernails were collected on Day 45 of the data and fingernail collection procedure. Gender, women vs men. For the Bonferroni correction, a two-sided *P*~(corrected)~ value \<0.005 (0.05 divided by 10 for five independent variables and two models) was considered as statistical significance.

**Abbreviation:** BMI, body mass index.
